We tested the utility of a 230 base pair intron fragment of the highly conserved nuclear gene Elongation Factor 1-alpha (EF1-α) as a proper marker to reconstruct the phylogeography of the marine amphipod Pontogammarus maeoticus (Sowinsky, 1894) from the Caspian and Black Seas. As a prerequisite for further analysis, we confirmed by Southern blot analysis that EF1-α is encoded at a single locus in P. maeoticus. We included 15 populations and 60 individuals in the study. Both the phylogeny of the 27 unique alleles found and population genetic analyses revealed a significant differentiation between populations from the aforementioned sea basins. Our results are in remarkable agreement with recent studies on a variety of species from the same area, which invariably support a major phylogeographic break between the Caspian and Black Seas. We thus conclude that our EF1-α intron is an informative marker for phylogeographic studies in amphipods at the shallow population level.
INTRODUCTION
Comparative phylogeographic studies require the use of multiple and independently inherited markers to accurately infer the evolutionary history in a series of phylogenetic analyses. Mitochondrial DNA (mtDNA), microsatellites, and Single Nucleotide Polymorphisms (SNPs) are routinely used in such studies, while the application of single copy nuclear genes as markers is much less frequent because they often appear to be highly conserved and their analysis can be more cumbersome due to lack of appropriate primers and/or complications in collection, storage, and extraction of desirable template material for amplification. Most eukaryotic genes are interrupted by one or more introns that are removed during transcription (Hir et al., 2003) . Introns have been observed to influence gene expression in a wide range of diverse organisms, including mammals, nematodes, insects, fungi, and plants (Rose, 2008) . The distribution and sequence variation of introns in eukaryotic protein-coding genes are increasingly employed as molecular markers in phylogeographic studies (McGaugh et al., 2007; Garrick et al., 2008) .
The Elongation Factor 1-alpha gene (EF1-α hereafter) encodes a protein which catalyses the GTP dependent binding of aminoacyl-tRNA to the ribosome during the translation (Maroni, 1993) and the amount of this protein in eukaryotic cells is comparable to the abundance of the major cytoskeletal proteins (Lenstra et al., 1986) . Despite being a highly conserved gene, its intron sites have proved useful * Corresponding author: e-mail: tiedeman@uni-potsdam.de for phylogenetic/phylogeographic studies at the species level (Cho et al., 1995) . Although preliminary studies conducted on a variety of organisms have considered EF1-α to be a single copy gene, it has increasingly been found to occur in multiple copies in the nuclear genome of diverse organisms. The brine shrimp Artemia is known to have four functional copies of the EF1-α gene (Lenstra et al., 1986) , two functional copies have been identified in fruit flies (Hovemann et al., 1988) , spiders (Hedin and Meddison, 2001) , beetles (Jordal, 2002) , bees (Danforth and Ji, 1998; Brady and Danforth, 2004) , shrimp (Williams et al., 2001) , and tiger prawns . This potentially compromises the use of the EF1-α gene in these species for phylogeographic/phylogenetic studies, as many analyses require locus-specific data.
Phylogeography and endemic diversity of ancient lakes have received much attention in the literature. The PontoCaspian biogeographic area encompasses the Black, Caspian, and Azov Seas and has witnessed radiations of several aquatic taxa such as crustaceans, molluscs, and fishes (Mordukhai-Boltovskoi, 1964; Kotlik et al., 2004 Kotlik et al., , 2008 . The Black and Caspian Seas are the remnants of the ancient Paratethys basin and, except for a short period of reconnection during the Akchagylian period (3.4-1.6 Myr), they have been separated from one another since early Pliocene (Fig. 1) . They also experienced several drastic fluctuations in water level and salinity (Zenkevich, 1963) . Such a complex history is thought to be responsible for the extremely high level of past and current endemism in the area (Grigorovich et al., 2003) and offers the unique opportunity to comparatively reconstruct phylogeographies of species in a well-defined geographical framework.
Pontogammarus maeoticus (Sowinsky, 1894) is the most abundant and widely distributed coastal gammarid amphipod species in the southern portion of the Caspian Sea; its distribution is not limited to that area but includes the Black and Azov Seas as well, thus embracing the entire PontoCaspian area (Stock et al., 1998) . Due to its abundance and geographical distribution, P. maeoticus can be considered as an optimal guiding organism to test whether and to what extent its population genetic structuring reflects the geological history of the area that it occupies. We designed this study to test the utility of the EF1-α intron in retrieving the phylogeography of P. maeoticus from Caspian and Black Sea. The study is based on a total of 15 populations from the two basins, and, to our knowledge, it is the first attempt to present EF1-α intron data in an amphipod species and to use them in an evolutionary context.
MATERIAL AND METHODS
Collection, Amplification and Sequencing of DNA With the aid of a dip net, specimens of P. maeoticus were collected from 13 stations in the south Caspian Sea (Iran) in April 2007 and from two stations from the Romanian Black Sea waters in July 2008 (Fig. 1 ). Samples were preserved in 96% ethanol in the field. Total genomic DNA from four individuals per population was extracted using the DNeasy Blood and Tissue (QIAGEN) protocol.
Polymerase chain reaction (PCR) was performed in two steps according to France et al. (1999) . For initial PCR amplifications, universal EF1-α primers EF0 and EF2 (Palumbi, 1996) were used. PCR conditions were as follow: an initial denaturation of 5 minutes at 94°C, followed by 39 cycles of one minute at 94°C, one minute at 52°C, one minute at 72°C and finally a 10-minute extension at 72°C. These amplicons were employed as a template for a subsequent nested PCR step by using intron-flanking primers (EF3s 5 -GACAAGGCC CTCCGTCTTCC-3 ), (EF4s 5 - GGGCACTGTTCCAATACCTC-3 ) (France et al., 1999) . Reactions were run on a T3000 thermocycler (Biometra) with an initial denaturation of 60 seconds at 94°C, followed by 30 cycles of 15 seconds at 94°C, 15 seconds at 55°C, 15 seconds at 72°C and finally a 3-minute extension at 72°C. PCR products were visualized on a 1.5% agarose gel, purified with the QIAquick spin kit, and directly sequenced in forward and reverse directions using the same amplification primers and run on an ABI PRISM 3100 automatic sequencer.
Individuals yielding sequences with sites with two peaks of equivalent intensity were interpreted as heterozygotes. These heterozygous individuals were cloned and alleles separated using the TA-cloning kit (Invitrogen, Carlsbad, California) according to the manufacturer's instructions. The inserted DNA was amplified using standard T3 and T7 vector primers and between 5 to 10 clones of the expected size from each individual were sequenced using the T7 primer on an ABI PRISM 3100 sequencer. The same procedure was performed for 2 individuals of Pontogammarus borceae Carausu, 1943 and sequences were included as out-group in the phylogenetic analysis.
Number of Loci
Previous studies on EF1-α introns in decapods suggested the occurrence of more than one locus in the white-leg shrimp Litopenaeus vannamei (Boone, 1931) (France et al., 1999) , in the black tiger prawn P. monodon Fabricius, 1798 (Duda and , and in snapping shrimp belonging to the genus Alpheus (Williams et al., 2001 ). To evaluate the 1-Locus vs. 2-Loci hypothesis, we performed a Southern blot (Southern, 1975) . Genomic DNA of two individuals from Caspian Sea and one individual from Black Sea was digested with the restriction enzymes NheI, HaeII and AluI (we had a priori verified that these enzymes do not cut our intron fragment), with incubation for 22 h at 37°C. Enzymes were inactivated 20 min at 65°C followed by gel electrophoresis (0.7% agarose gel). DNA was transferred from the agarose gel to a nylon membrane by vacuum blotting (Medveczky et al., 1987) . Hybridization was carried out overnight at 57°C by using Biotin labelled PCR products (primers: EF3s/EF4s) of the same individuals as hybridization probe. Probes on the washed nylon membrane were detected by an alkaline phosphatase-based chemiluminescent detection assay using CDP star reagent as a substrate (New England Biolabs). Imaging from detected fragments was conducted by using a Molecular Imager Chemi Doc (Bio Rad).
We also tested the deviations from Hardy-Weinberg proportions in each population. We used the exact test of Guo and Thompson (1992) as implemented in Arlequin ver 3.01 (Excoffier et al., 2006) with 1 000 000 steps in the Markov chain. Obtained P values were Bonferroni corrected for multiple comparisons.
Phylogenetic and Network Analyses
For each heterozygous individual, we considered those alleles authentic that were observed in at least three identical clones in two independent PCRs (Pokorny et al., 2010) . All obtained sequence chromatograms were assembled and edited using BioEdit software (Hall, 1999) . Base frequencies and character status were assessed in PAUP* 4.0β10 (Swofford, 2003) with gaps treated as a fifth character and all characters unordered. To test for saturation in the data set, saturation plots were generated for transitions and transversions according to Holmquist (1983) .
To calculate the total number of unique alleles and to obtain the corresponding allele network under the statistical parsimony assumptions (Templeton et al., 1992) , the software TCS (Clement et al., 2000) was used. Subsequently, we used Modeltest and the Akaike Information Criterion (Posada and Crandall, 1998 ) to find the model of sequence evolution that best fits our data. The analysis selected the General Time Reversible model (GTR) as the one best fitting the data. Phylogenetic hypotheses were generated using Neighbour Joining (NJ), Maximum likelihood (ML), and Bayesian searches. The NJ tree was constructed on GTR distances in PAUP 4.0β10 (Swofford, 2003) ; node support was assessed through 1000 bootstrap replicates. To speed up the ML analysis, we submitted our alignment to a phylogenetic web server (http://www.atgc-montpellier.fr/). The Bayesian search was run for 2 000 000 generations in MrBayes 3.1 (Huelsenbeck and Ronquist, 2005 ) with a sampling frequency of 100 generations; the first 10% of the sampled trees were discarded as burn-in.
Population Genetic Analyses Gene diversity, mean number of pairwise differences between all pair of alleles, nucleotide diversity within populations, and an Analysis of Molecular Variance (AMOVA) were calculated with Arlequin ver 3.01 (Excoffier et al., 2006) .
For the AMOVA, populations were grouped according to the basin of origin (Black and Caspian Seas), leading to three variance estimates: among basins, among populations within each basin, and within populations. We defined -statistics, which are haplotypic correlation measures analogous to Fstatistics as follows: CT is the correlation of random haplotypes within basins relative to that of random haplotypes drawn from all populations; SC is the correlation of random haplotypes within populations relative to that of random haplotypes drawn from the basins to which that population belongs; and ST is the correlation of random haplotypes within populations relative to that of random haplotypes drawn from the whole (Excoffier et al., 2006) .
RESULTS

Characterization of Sequences
Intron flanking primers amplified a fragment of approximately 230 bp within the EF1-α gene in P. maeoticus; our fragments aligned with the region of the gene known to contain an intron in the white-leg shrimp L. vannamei (France et al., 1999) and in the black tiger prawn Pe. monodon . When the 34 exon nucleotides flanking our intron are compared to the available information on the EF1-α gene in other crustaceans; they show that the P. maeoticus intron occurs at positions 229 and 370 relative to the EF1-α genes of the brine shrimp Artemia sp. and the snapping shrimp Alpheus tenuis Kim and Abele, 1988 , respectively (GenBank Accession X03349 and AF310825; Van Hemert et al., 1983; Williams et al., 2001) . GenBank searches including arthropods other than crustaceans demonstrated that our fragments align to the first intron (position 114 in the first copy) of the EF1-α gene of the plasterer bee Colletes consors (GenBank Accession AY363001; Brady and Danforth, 2004) .
A total of 157 sequences from 60 individuals were obtained, defining 27 unique alleles (GenBank Accession JQ180472-JQ180500). Heterozygous genotypes were identified in 12 individuals (19%). The initial and final two bp in all intron sequences match the canonical and almost universal GT/AG template for spliceosome introns (Lewin, 2000; Lin et al., 2010) (Fig. 2a and b) . Intron length varied between 183 and 198 bp.
Distribution of Alleles and Patterns of Molecular Diversity
The number of alleles in each population ranges from one (TAL and GIS) to seven (AST). Seven alleles are shared Table 1 . Number of alleles, allele codes, number of polymorphic sites and indels, measure of gene diversity, mean number of pairwise differences, nucleotide diversity, mean observed (Ho) and expected (He) heterozygosity of EF1-α intron sequences for each population of Pontogammarus maeoticus from the Black and Caspian Seas.
Locality
No among different locations (A3, A6, A9, A12, A14, A19, and A23), while the remaining 20 alleles are unique to single populations; the most frequent allele (A9) is shared among 10 populations. There are no shared alleles between Caspian and Black Seas populations.
Genetic diversity was the highest in AST, KSH, NOR and SU1, both with regard to nucleotide diversity and the mean number of pairwise differences (Table 1) . With gaps treated as a fifth base, 79 nucleotide positions (34.3%) were variable and 56 of them (24.3%) were parsimony informative. Base frequencies were as follow: A: 0.40076, C: 0.18635, G: 0.14747, T: 0.26542. Fragments are thus slightly AT-rich (66.6%), a condition which has been frequently reported for introns (Brady and Danforth, 2004) . The average amount of indels was 3.2 with the highest amount (10) in SU1 and NOR; no indels were observed in TAL, GIS, ROD, and MOG (Table 1 ). The 8-nucleotide insertion (counted as a single gap in all analyses) located between position 130 and 140 occurs only in one allele (A2) (Fig. 2b) . It was verified in two independent PCRs and six different clones from the same individual. Number of transitions and transversions between all pairs of taxa increased almost linearly with uncorrected-p distance values, hence showing no signs of saturation (Fig. 3) . The highest amount of pairwise differences between alleles was 23 and was observed between A20 and A2 alleles (see Supplementary Table S1 ).
There was no indication of recombination among alleles (tested with DnaSP Ver. 5; Librado and Rozas, 2009) . Southern blot analysis of PCR amplificates revealed one clear band in all three examined individuals (Fig. 4) , providing strong evidence in support of a single EF1-α gene in our species. In further support of the 1-Locus hypothesis, we never found more than two alleles per individual. Theoretically, this could also be caused by two loci fixed for different alleles. Under such a scenario, however, one would yield a higher observed than expected heterozygosity, a situation never encountered (Table 1 ). In fact, Ho was either equal or lower than He and all populations were found in Hardy-Weinberg equilibrium after Bonferroni correction. Ho was the highest in AST and NOR (0.5); no heterozygous individuals were found in five populations (SU2, KSH, ROD, MOG and KHA); He ranged between 0.25 (BAS) and 0.93 (NOR).
Relationships Among Populations
The analysis of molecular variance (AMOVA) assigned 79.82% of the total genetic variation to differences between basins, 0.39% to divergence among populations within basins, and 19.78% to variation within populations (Table 2). This analysis revealed significant population structure (global ST = 0.802, P < 0.001), which can be entirely explained by divergence among basins ( CT = 0.798, P = 0.014), while the fixation index among populations within basins is not significant ( SC = 0.019, P = 0.171). Results of the three different phylogenetic methods employed in the study (NJ, ML and Bayesian) are shown in Fig. 5 . The topologies of the trees were nearly identical and, in line with the AMOVA results, consistently identified reciprocal monophyly of the Black and Caspian alleles; Black Sea alleles were robustly clustered in a monophyletic clade in all searches. The statistical parsimony allele network (Fig. 6) is congruent with the phylogenetic trees, as it identifies two major groups of alleles corresponding to the two basins, with the only exception of one Black Sea allele (A2), which is kept separated from the other alleles because of the aforementioned 8-nucleotides insertion. The Caspian Sea network has a star-like pattern centered around the most common allele A5, from which almost all other Caspian alleles are derived by a single or two mutations, Nahavandi et al. (2004) showed that P. maeoticus has a diploid chromosome number (2N = 50), in line with what is known for other amphipod species (Libertini et al., 2008) . Nonetheless, being this the first study based on the EF1-α gene in amphipods, we had no a priori knowledge of whether a gene duplication might have occurred in our species or not. Observing just one band per individual in the Southern blot image and the fact that we could find neither evidence of more than two alleles per individual, nor violations of the Hardy Weinberg assumptions, a single EF1-α locus in the species is the most likely scenario. These findings are in agreement with the single copy model for the EF1-α gene in the intertidal barnacle Balanus glandula Darwin, 1854 (Sotka et al., 2004 , but different to several other studies on crustaceans, where more than one EF1-α locus had been reported (Danforth and Ji, 1998; Duda and Palumbi, 1999; Williams et al., 2001; Jordal, 2002; Brady and Danforth, 2004) . The EF1-α gene has yielded some contradictory results when used for phylogenetic and phylogeographic purposes. Moreira et al. (1999) detected unusually high mutation rates in the gene, leading to a saturation of substitutions and, ultimately, to a weak phylogenetic signal. The coding part of the EF1-α gene has been primarily used to address deep phylogenetic questions, with varying power of resolution (Klompen, 2000) . Goetze (2006) showed that the co-amplification of many pseudo-genes seriously affected the applicability of EF1-α in the molecular systematics of marine calanoids. Recovering an accurate phylogeny of Hexapods using EF1-α proved complicated because of the occurrence of paralogs, which can potentially lead to wrong phylogenetic conclusions (Djernaes and Damgaard, 2006) . In contrast, considering simultaneously intron and exon partitions seems to offer more robust phylogenetic signals. Rapidly evolving introns provide signals at the species level; they proved particularly useful to resolve the phylogeny of the jumping spiders belonging to the genus Habronattus (Hedin and Maddison, 2001) . Screening for the presence or absence of certain EF1-α intron(s) can also be phylogenetically informative; monophyly of colletid bees has been supported by the occurrence of a novel intron, which is absent in other bees (Brady and Danforth, 2004) . Introns of this gene have worked well in a phylogeographic context, revealing significant geographic partitioning of genetic structuring between western Indian and western Pacific Ocean populations of the tiger prawn Penaeus monodon .
DISCUSSION
We tested for saturation of nucleotide substitutions in our data set and we found an increase in the number of substitutions (both transitions and transversions) nearly linear with genetic distance values, both at the intra-and inter-basin level with no sign of saturation (Fig. 3) .
Our study revealed a significant phylogeographic break between the Black and Caspian Sea populations; multiple phylogenetic and population genetic analyses congruently supported this scenario with no alleles shared between the two basins. Such a split between Black and Caspian populations of P. maeoticus has been formerly reported at the mtDNA level (Cristescu et al., 2003) . Given the geological history of the region, such a degree and pattern of genetic divergence could be expected. The raising of the Caucasus Mountains in the early Pliocene (5.3-3.6 million years ago) separated the Black from the Caspian Sea (Dumont, 1998; Reid and Orlova, 2002) . Since then, the two basins evolved independently, except for a short period of reconnection between 2.5 and 2 million years ago during the major Akchagylian transgression ( Fig. 1 ; Reid and Orlova, 2002) . It seems evident from our and previous data that such a short (in geological terms) period of time of reconnection between the two basins had not been sufficient for a significant mixing of populations to occur. Alternatively, if gene flow between the two basins took place, this must have been negligible and apparently left no visible traces in the contemporary genetic structure of the species. Resilience to changes in allele frequencies of resident populations likely counterbalanced the genetic novelties carried by eventual immigrants because of the difference in population sizes (large for residents, small for immigrants) (De Meester et al., 2002) .
In general, our phylogeographic results are in remarkable agreement with former studies on Ponto-Caspian crustaceans, which demonstrated the reciprocal genetic uniqueness of the identified Caspian and Black Sea lineages (Cristescu et al., 2003; Cristescu and Hebert, 2005; Audzijonyte et al., 2006 Audzijonyte et al., , 2008 . Our EF1-α data supplies vigorous phylogenetic signals at the species level in structuring the divergence of P. maeoticus across a vast portion of its distribution range. Given the favourable results presented here and our successful analysis of a second amphipod (P. borceae), we deduce that EF1-α intron sequence data are suitable for phylogeographic studies on amphipods.
At the population level, we revealed little or no structuring by geographical origin of samples. Whether this is due to a lack of resolution of our intron or rather reflects population processes (i.e., population expansion and on-going gene flow within-basina) remains to be tested by using multiple independent markers with different evolutionary properties.
